Abstract A modified Steindler flexorplasty was used to restore elbow flexion in 8 patients with post-traumatic flail elbow. In 5 patients there was associated loss of wrist and finger extension, which was treated by tendon transfer and in 2 patients an associated flail shoulder was treated by arthrodesis. The results were not compromised in patients whose flexor tendons had been transferred for wrist and finger extension. All patients had a stable and mobile elbow with marked improvement of upper limb function. Modified Steindler flexorplasty is a simple, effective and reliable procedure for the restoration of elbow flexion.
Introduction
A mobile and stable elbow with adequate flexion strength is essential for adequate upper limb funetion in occupational, recreational and daily activities [26] . Total loss of elbow flexion is a very severe disability. In some patients, a flail elbow is associated with a flail shoulder and loss of wrist and finger extension. In such patients, the shoulder can be stabilised by arthrodesis [18, 19] and wrist and finger extension restored by tendon transfer [9] . The function of the upper extremity will be much improved by restoration of elbow flexion.
Several procedures have been devised to restore elbow flexion: Steindler flexorplasty and its modifications [3, 7, 8, 17, 23, 25, 32] , anterior transposition of the triceps tendon [10] , transfer of the pectoralis major to biceps [5, 12, 16, 30, 31] , shoulder arthrodesis and sternomastoid transfer with the addition of a fascia lata graft to the biceps tendon [11] , neurotization [14, 27, 28, 29] , free muscle transfer [14, 15] , and unipolar or bipolar transfer of the latissimus dorsi [1, 2, 4, 6, 13, 20, 30, 33, 34] .
Steindler flexorplasty and its modifications is a reliable procedure to restore elbow flexion if the flexor-pronator muscles are intact and available for transfer [3, 7, 8, 17, 23, 25, 32] . However, the use of this procedure has not been recorded in patients whose flexor-pronator muscles have been used for wrist and finger extension.
Patients and methods
Between 1984 and 1995, 8 male patients, aged 25 to 48 years (average 36 years) with post-traumatic flail elbow were treated by modified Steindler flexorplasty (Table 1) , each in their dominant arm. In 5 patients, loss of elbow flexion was a sequel of brachial plexus injury 1 to 5 years previously; 4 had undergone brachial plexus exploration, nerve repair, nerve graft or intercostal nerve implantation. 4 patients had loss of elbow flexion combined with loss of extension of the wrist and fingers and 2 patients had a flail shoulder. Staged reconstruction was performed. At the first stage, tendon transfers were performed in 4 patients to restore wrist and finger extension (palmaris longus to rerouted extensor pollicis longus, pronator teres to extensor carpi radialis brevis, flexor carpi ulnaris to extensor digitorum communis). 6 weeks later the modified Steindler flexorplasty was performed. The 2 patients with a flail shoulder underwent arthrodesis 3 to 6 months later.
3 patients after motorcycle accidents, had associated compound fractures of the humerus, with extensive soft tissue loss including brachialis, biceps and triceps muscle and the radial nerve, with intact median and ulnar nerves. Radial palsy was treated by tendon transfers (pronator teres to extensor carpi radialis brevis, flexor carpi ulnaris to extensor digitorum communis, and palmaris longus to the rerouted extensor pollicis longus). 6 weeks later a modified Steindler flexorplasty was performed.
Surgical technique
The procedure follows the modification of Mayer and Green [25] and Lindholm and Einola [22] , except that a screw was used for fixation of the common pronator-flexor origin to the humerus. The operation consists of four steps:
(i) The median and ulnar nerves, and the common pronatorflexor origin are exposed through a curved anteromedial incision.
The ulnar head of flexor carpi ulnaris is dissected from the ulna; the motor branches of the ulnar and median nerves are preserved.
(ii) The atrophic biceps and the brachialis muscles are split longitudinally and the anterior periosteum of the humerus is incised at a distance of 7.5 cm above the elbow. The humerus is predrilled and tapped with a 3.5 mm drill. The anteroposterior width of humerus is measured.
(iii) The common pronator-flexor origin is mobilised with its bony attachment. A bone block incorporating the common origin from the lateral epicondyle, about 2.5×2.5×1.5 cm in size is elevated, after a 3.5 mm hole has been made in its centre and a cortical screw, 15 mm longer than the premeasured anteroposterior width of the humerus has been inserted for 1.0 cm into the block. The bone block is then removed.
(iv) The common pronator-flexor origin is separated from the anterior surface of the joint, the coronoid process and the interosseous membrane for a distance of 7 cms and is brought proximally to the humerus; and the screw is inserted into the predrilled hole (Fig. 1) . The median nerve and the brachial artery are inspected carefully as the pronator-flexor muscles are mobilised, transferred and fixed to the humerus to prevent undue tension, compression or entrapment. If there is tension from the ulnar nerve, with the elbow at 90°of fiexion, it is anteriorly transferred under the ulnar head of flexor carpi ulnaris. The elbow is immobilised with a splint in 90°of flexion. Isometric exercises are started post-operatively and at 6 weeks the splint is removed and active movement started; at 8 weeks resisted flexion is started.
The average period of follow-up was 8 (4-15) years. The following functional results were recorded: 1) active range of movement; 2) strength of elbow flexion measured in kilograms of weight lifted and sustained; 3) endurance of elbow flexion as measured by the period of time that a weight of 2 kg (or, if less than 2 kg the maximum weight lifted) was lifted and sustained; 4) flexion contracture; 5) pronation contracture; 6) functional evaluation of occupational, recreational and daily activities; 7) working status.
Results
The operation time was 120 to 180 min, and the estimated blood loss was 50 to 250 ml. The transferred muscles acquired their new function without reeducation. Union between the humerus and the transferred bone block was achieved at 3 months. All patients had voluntary elbow flexion at final follow-up ( Table 2 ). The maximum flexion achieved ranged from 110°to 130°and all patients could reach their mouth. The average flexion contracture was 37°(25°to 45°). The average full range of movement was 83°(70°to 100°). The strength of elbow flexion increased gradually after removal of the splint and achieved an average of 3.3 (2.5-4.0) kg at 6 to 9 months; and thereafter the endurance improved at 12 to 24 months. All patients had a stable and mobile elbow with marked improvement in upper limb function. Fig. 1 The flexor-pronator muscles along with a bone block are transferred 7.5 cm proximally. A 3.5 mm cortical screw is used for fixation. At 3 months, solid fusion between the humerus and the transferred bone block is noted
Discussion
The order of the reconstructive procedurs in these patients remains controversial. We prefer to start distally. Once the movements of the wrist and fingers are improved, restoration of elbow flexion and stabilisation of the shoulder should be undertaken. If shoulder arthrodesis is performed early, the loss of shoulder mobility will compromise the transfer of muscles around the shoulder such as the latissimus dorsi, and will significantly interfere with the ability to perform other procedures in the forearm and hand. We recommend tendon transfer for wrist and finger movement should precede the restoration of elbow flexion and that shoulder arthrodesis, if necessary, should be the last stage of reconstruction. Many methods of restoring elbow flexion have been described. Steindler flexorplasty is a reliable procedure, which will restore useful elbow flexion in 50 to 90% of patients in whom the power of the flexor-pronator muscles is greater than Grade IV [17, [21] [22] [23] [24] [25] . In patients in whom several flexor-pronator tendons (palmaris longus, pronator teres, flexor carpi radialis or flexor carpi ulnaris) have been used in tendon transfer procedures to restore wrist and finger extension, the use of a modified Steindler flexorplasty may be questioned. Our experience has shown that transfer of one or several flexorpronator tendons for wrist and finger extension did not affect the results after flexorplasty. Careful preoperative assessment of the muscle power is essential as flexorplasty will fail if the transferred muscle is weak [22] [23] [24] [25] , and where the power of the flexor-pronator muscles is less than Grade IV alternative procedures should be considered. Other causes of failure include inadequate proximal transfer and poor fixation of the transferred muscles to the distal humerus. In the original description, the flexor-pronator muscles were transferred proximally between brachialis and triceps and sutured to the medial epicondylar ridge two inches above the epicondyle. Our earlier experience with this procedure showed that suturing the flexor-pronator muscles to the medial epicondylar ridge did not provide enough fixation; and although active elbow flexion was restored the strength and endurance was inadequate for most occupational, recreational and daily activities. We therefore believe that more proximal transfer results in better mechanical advantage, increased strength and endurance of elbow flexion. Transfer by more than 7. 5 cms requires very extensive dissection and this may jeopardise the innervation of the muscles and increase the postoperative flexor contracture. Our method of fixation, with a bone block, allows early post-operative isometric exercises. Inclusion of a bone block at the anterior surface of the humerus also increases the lever arm of the transferred muscle when initiating elbow flexion. A flexion contracture of the elbow, a pronation contracture of the forearm, and a flexion contracture of the wrist are frequently encountered after this procedure [7, 8, 17, 22, 23, 25, 32] . The degree of flexion contracture of the elbow and of pronation contracture of the forearm that are tolerable depends on the functional demands of the patient. An active flexion excursion from 20°to 135°is required for most daily activities [25] . An active excursion from 30°to 120°may be sufficient in an injured limb; and 115°of flexion is required to reach the mouth. A satisfactory active flexion excursion was restored in all our patients with an acceptable flexion contracture of 45°or less and a pronation contracture of 35°or less. In summary, in patients with a flail elbow, a stable and mobile elbow joint with a satisfactory range of movement, strength and endurance, may be restored by a modified Steindler flexorplasty. It may be recommended for restoration of elbow flexion in patients with satisfactory flexor pronator-muscle strength. Previous tendon transfer procedures to restore wrist and finger extension do not adversely affect the outcome. 
